At the eastern end of the Azores-Gloria transform fault system to the southwest of Portugal, the plate boundary between Africa and Iberia is a region where deformation is accommodated over a wide tectonically active area. The region has unleashed large earthquakes and tsunamis, including the M w~8 .5 Great Lisbon earthquake of 1755. Although the source region of the 1755 earthquake is still disputed, most proposals include a source location in the vicinity of the Horseshoe Abyssal Plain (HAP), which is bounded by the 5000 m high Gorringe Bank (GB). In this study we characterize seismic activity in the region using data recorded by two local networks of ocean bottom seismometers. The networks were deployed in the eastern HAP and at the GB. The data set allowed the detection of 160 local earthquakes. These earthquakes cluster around the GB, to the SW of Cabo Sao Vicente, and in the HAP. Focal depths indicate deep-seated earthquakes, with depths increasing from 20-35 km (mean of 26.1 AE 7.2 km) at the GB to 15-45 km (mean 31.5 km AE 10.5 km) under the HAP. Seismic activity thus extends down to levels that are deeper than those mapped by active seismic profiling, with the majority of events occurring within the mantle. Thermal modeling suggests that temperatures of approximately 600°C characterize the base of the seismogenic brittle lithosphere at~45 km depth. The large source depth and thermal structure support previous suggestions that catastrophic seismic rupture through the lithospheric mantle may indeed occur in the area.
Introduction
Great earthquakes with magnitudes of 8.4 or larger are usually megathrust earthquakes that occur in subduction zones, like the circum-Pacific belt or the Sunda arc [e.g., Kanamori, 1977;  http://earthquake.usgs.gov/ earthquakes/world/10_largest_world.php]. A memorable exception is the 1755 Great Lisbon earthquake, with an estimated magnitude of 8. 5-8.7 [Martinez-Solares et al., 1979; Johnston, 1996] . The earthquake, which generated a devastating tsunami, hit Portugal, Spain, and Morocco and was widely felt over western Europe. However, the location of the Great Lisbon earthquake source is still debated. A number of offshore locations have been proposed, including the Gorringe Bank [e.g., Johnston, 1996; Grandin et al., 2007] , the Marques de Pombal fault to the SW of Portugal [e.g., Zitellini et al., 2001] , and a proposed subduction megathurst in the Gulf of Cadiz [e.g., Gutscher et al., 2012] . In addition, the Horseshoe Abyssal Plain and the Horseshoe Fault are considered candidate source regions of the Great Lisbon earthquake [e.g., Barkan et al., 2009; Stich et al., 2007] . However, tsunami arrival times may suggest that the source was located closer to the Cabo Sao Vicente [Baptista et al., 2011] , the westernmost point of the Algarve, southern Portugal.
Here we report results from two offshore deployments ( Figure 2 ) of ocean bottom seismometer (OBS). The first network was deployed from April to October 2012 in the vicinity of the Horseshoe Fault and in the Horseshoe Abyssal Plain (HAP) to the NW of the Coral Patch Ridge ( Figure S1 in the supporting information). The second network was deployed from October 2013 to March 2014 at the Gorringe Bank (GB) ( Figure S2 ). Both networks were designed to study the relationship between seismicity and morphological features. To investigate the ability to cause seismic hazards, we were particularly interested in the assessment of the thickness of the seismogenic layer (maximum depth of faulting), controlling the size of future catastrophic earthquakes. In addition, we surveyed the rupture process of the M w = 6.0 Horseshoe earthquake of 2007 to relate its centroid depth to the occurrence of microseismicity.
Tectonic Setting
The boundary between the African and Eurasian plates is tectonically segmented between the Azores and the Gibraltar Arc, displaying different modes of deformation. In the vicinity of the Azores islands both extension and strike-slip deformation occur. Farther east, along the Azores-Gloria transform fault zone (AGFZ; Figure 1 ), deformation is rather simple and motion is right-lateral [e.g., Serpelloni et al., 2007] . Eastward of the Gorringe Bank, deformation is more complex and distributed across an~200 km wide region [e.g., Sartori et al., 1994; Hayward et al., 1999] . This region is characterized by moderate seismic activity, with most earthquakes grouping in clusters [e.g., Zitellini et al., 2001; Custódio et al., 2015] . Here the plate boundary runs from the well-defined oceanic domain into an area where continental lithosphere might be involved in plate boundary deformation [Pinheiro et al., 1992; Rovere et al., 2004] . In addition to the well-recorded moderate seismicity, the area has been hit by large earthquakes, which include the largest earthquake in the European historical record, the 1755 Lisbon earthquake [Martinez-Solares et al., 1979; Johnston, 1996] , the 1969 M = 7.9 Horseshoe earthquake [Fukao, 1973] , and the 2007 M = 6.0 Horseshoe Fault earthquake [Stich et al., 2007; Custódio et al., 2012] . Focal mechanisms show predominantly reverse and strike-slip faulting [e.g., Serpelloni et al., 2007; Stich et al., 2005; Geissler et al., 2010] , in agreement with the oblique plate convergence [e.g., DeMets et al., 2010]. Figure 1 . Tectonic setting of the study area to the SW of Iberia at the eastern terminus of the Azores-Gloria Fault Zone (AGFZ). The white squares are land stations providing onset times of earthquakes. The red dots are epicenters from the EHB catalogue [Engdahl et al., 1998; Engdahl and Villaseñor, 2002] . The white dots and focal mechanism are solutions from the Global Moment Tensor Project (http://www.globalcmt.org). Seafloor bathymetry is taken from Smith and Sandwell [1997] , seafloor age in millions of years from Müller et al. [2008] , and plate boundary (thick black line) to the west of 12°W is from Bird [2003] . Inset shows plate boundary configuration and plate motions [DeMets et al., 2010] .
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Structurally, the area includes a number of deep basins where water depth exceeds~5000 m. These include the Tagus Abyssal Plain (TAP), the HAP, and the Seine Abyssal Plain. In addition, large ridges, rising up tõ 100 m water depth, like the GB and the Coral Patch Seamount, separate the basins. The~200 km long, 80 km wide, and 5000 m high Gorringe Bank [Auzende et al., 1984] , located between the TAP and HAP, is the most prominent feature of the area. It strikes NE-SW, roughly perpendicular to the direction of plate convergence. Rocks from the GB, obtained during the Deep Sea Drilling Project at Site 120 [Ryan et al., 1973] , submersible dives and dredging [Auzende et al., 1984; Girardeau et al., 1998 ], indicate that the GB is mainly composed of serpentinized peridotites with gabbroic intrusions. Dating of the intrusions yielded Ar 39 /Ar 40 ages of 143 AE 1 Myr [Féraud et al., 1986 ]. Yet it is generally believed that the GB was mainly uplifted in a period of 10-15 Ma during the Miocene [e.g., Tortella et al., 1997] . Earlier models suggested that thrusting was related to subduction of Africa below Eurasia, suggesting that the TAP and GB were overthrusting the HAP [e.g., Purdy, 1975] . However, today multichannel seismic data [Sartori et al., 1994; Tortella et al., 1997 ] and submersible dives [Girardeau et al., 1998 ] suggest that the HAP and GB overthrusted the TAP. The estimated shortening associated with the uplift of the GB is on the order of 20 km [Sartori et al., 1994; Galindo-Zaldívar et al., 2003; Jiménez-Munt et al., 2010] to 50 km [Hayward et al., 1999] . -Loriente et al. [2014] used seismic refraction and wide-angle data, constrained by gravity modeling, to define geological domains in the area ( Figure S3 ). Their results suggest that the TAP, the GB, and HAP form a domain of Lower Cretaceous exhumed mantle [e.g., Pinheiro et al., 1992; Rovere et al., 2004; Sallarès et al., 2013] , whereas the area to the south and to the east of the Horseshoe Fault is of oceanic Figure 2 . Earthquake epicenters (circles) from the preferred location procedure using a 3-D velocity model based on seismic refraction profiling [Martinez-Loriente et al., 2014] . The grey circles indicate events far outside the network (GAP > 270°). The colored dots represent hypocentral depth of well-located events. Transect A-A 0 shows the location of the seismic refraction profile from Martinez-Loriente et al. [2014] . A cross section along the seismic velocity model A-A 0 is shown in Figure 5 . Note that the 3-D procedure did not include any arrival times from land stations, while 1-D re-locations consider land stations (Figures S1 and S2). The black lines are fault zones, lineaments, and tectonic features [Zitellini et al., 2009] . CPR Coral Patch Ridge; CPS: Coral Patch Seamount; GB: Gorringe Bank; HAP: Horseshoe Abyssal Plain; HF: Horseshoe Fault; MPB: Marques de Pombal Fault; SAB Seine Abyssal Plain; SVC: Sao Vicente Canyon;TAP: Tagus Abyssal Plain. Lineaments in the vicinity of the CPR are called SWIM lineaments [Zitellini et al., 2009] . Focal mechanisms are given in Table 1 . Yellow star is the epicenter of the M w = 6.0 2007 Horseshoe Fault earthquake. Numbers indicate OBS. Note that OBS04 and OBS28 occupy the same deployment site.
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Journal of Geophysical Research: Solid Earth 10.1002/2016JB013586 origin [Sallarés et al., 2011; Martinez-Loriente et al., 2014] . In addition, the seafloor of the abyssal plains is covered by an up to 5 km thick layer of sediments [e.g., Rovere et al., 2004; Sallarés et al., 2011 Sallarés et al., , 2013 Martínez-Loriente et al., 2013] .
Earthquake Data
Local Earthquake Data
Two OBS networks were deployed to the SW of Portugal with the goal of studying the local seismic activity in the Horseshoe Abyssal Plain and Gorringe Bank [Grevemeyer, 2015] . Deployment and recovery operations were conducted by using the German research vessel Poseidon. The first network was deployed on 12 and 13 April 2012 and was recovered between 14 and 16 October 2012. Over 6 months, 14 OBS monitored local earthquakes in the eastern Horseshoe Abyssal Plain and across the Horseshoe Fault. All OBS were successfully recovered, but OBS01 and OBS03 failed to record any data and two others stopped logging data approximately 1 month before recovery.
The second network consisted of 15 OBS and was deployed between 7 and 11 October 2013 at the Gorringe Bank. Instruments were recovered between 23 and 26 March 2014. Unfortunately, OBS29 was lost and OBS19 did not provide any data. All other stations provided 5 months of good-quality data.
All OBS were equipped with a three-component short-period geophone, with a natural frequency of 4.5 Hz and with a HighTech HTI-04-PCA/ULF hydrophone, recording both P wave and S wave arrivals (Figures 3 and 4) . Continuous waveform data were logged at 50 Hz. The instrument clocks were synchronized to GPS time upon deployment and retrieval; we corrected clock drifts by linear interpolation.
The 2007 Horseshoe Fault Earthquake
On 12 February 2007 the Horseshoe Abyssal Plain was hit by a M w 5.9 to 6.0 earthquake. The earthquake was previously studied by using regional waveform data [e.g., Stich et al., 2007; Custódio et al., 2012] . However, it was also recorded at teleseismic distances on stations of world-wide operated seismic networks. We retrieved data from the Incorporated Research Institutions for Seismology (IRIS) data management system for waveform inversion, in order to compute its source properties and centroid depth. Earthquakes were automatically detected in the continuous time series by using a short-term-average to long-term-average ratio trigger algorithm. An earthquake was detected when six or more stations triggered coincidently. We detected 110 earthquakes by using data from the first deployment in the HAP and 54 earthquakes by using data from the second deployment at the GB. P and S wave arrival onset times were hand-picked. In total, we were able to locate 160 local earthquakes. The average P wave phase-pick error was estimated at AE0.12 s; S wave phase-pick errors were much larger, up to AE0.50 s. Data from seafloor stations were complemented by phase picks recorded by permanent seismic networks operated in Portugal, Spain, and Morocco, as reported by national catalogues compiled in the International Seismological Centre (ISC) online catalogue.
We computed local magnitudes (Ml) by using the classical approach of Richter [1935] , modified by Hutton and Boore [1987] . Accordingly, the magnitude is proportional to the maximum amplitude A of the displacement of a Wood-Anderson seismometer for frequencies f > 1.25 Hz; thus, Ml~log 10 (A). In order to use the Ml scale with instruments other than the Wood-Anderson seismometer, we followed the common practice of measuring the maximum amplitude of the displacement trace in the frequency band 1.25 to 20 Hz.
Event Location in a 1-D Velocity Model
The nonlinear oct-tree search algorithm NonLinLoc [Lomax et al., 2000 ] was used to calculate hypocentral parameters. Travel times are computed with the finite difference solution to the Eikonal equation [Podvin and Lecomte, 1991] . The oct-tree algorithm provides more complete and reliable location uncertainties than linearized inversions, allowing the computation of probability density functions (PDF) for the location of each individual event. The maximum likelihood location is chosen as the preferred location. For each event, NonLinLoc estimates a 3-D error ellipsoid (68% confidence) from the PDF scatter samples. Station correction factors account for localized deviations from the a priori model and are determined from the average residual at each station. For the inversion, the focal depth search was limited to depths below the seafloor, thus avoiding "water" quakes for event with poor azimuthal coverage. Most earthquakes occurred at depths >20 km and presented formal epicentral errors of AE5 km to 18 km and depth errors of AE6 km to 15 km.
Travel times were initially calculated by using 1-D velocity models. The P wave velocity structure of both 1-D models was adapted for both networks from the seismic refraction and wide-angle work of Martinez-Loriente et al. [2014] . In the Horseshoe Abyssal Plain, the velocity structure indicates a 5 km thick sediment layer that overlays unroofed mantle. Velocities in the sediment layer increase from~1.8 km/s at the seafloor to~4.5 km/s at the bottom of the sedimentary layer. Basement velocities quickly increase from slightly over 6 km/s to 7 km/s just 2 km below the top of the basement and to >7.5 km/s at a depth of 7 km below the top of the Samples taken from the Gorringe Bank [Ryan et al., 1973; Auzende et al., 1984; Girardeau et al., 1998 ] suggest that the GB is mainly composed of serpentinized peridotites with gabbroic intrusions. The seismic velocities inferred for the GB support a thin sedimentary cover overlaying a medium with fast velocities of 4 km/s just 1 km below the seafloor. The core of the bank is characterized by velocities of 5 to 6.5 km/s. At about 10 km depth the medium reaches velocities of 7 km/s, which further increase up to 8 km/s at 18 km depth [Sallarès et al., 2013; Martinez-Loriente et al., 2014] . Overall, the velocity changes under the Gorringe Bank are rather gradual, supporting the presence of unroofed and serpentinized mantle.
In order to reduce the impact of nonmodeled 2-D and 3-D wave-propagation effects, station corrections were calculated and iteratively updated, reducing RMS errors from~0.4 s in the runs without corrections to <0.15 s for the final re-locations. Station corrections condense local structural variability (site effects) into delay time, removing effects caused by the 3-D structure of the HAP and GB, and hence facilitate clustering of seismicity.
The S wave velocity structure of the area is poorly known. We therefore used Wadati diagrams (S-P time versus P time) in order to infer the local average V p /V s ratio [Havskov and Ottemöller, 2000] . To constrain the V p /V s ratio, we used all earthquakes with at least eight P and S wave readings, a RMS location misfit of 0.2 or less, and a correlation coefficient of the fit of S-P time versus P time of >0.9. The resulting V p /V s ratio was 1.72, supporting previous estimates [Custódio et al., 2015] . For the HAP, where OBS data present much more complex waveforms and only a small number of S wave picks are available, a large proportion of S wave picks was therefore based on data recorded at land stations.
Event Location in A Priori Quasi-3-D Velocity Model
We constructed a quasi-3-D model by extending the NW-SE oriented 2-D velocity model of Martinez-Loriente et al. [2014] across the whole study region, following the geometry of the Gorringe Bank. Fortunately, when project on to the refraction profiles, depth changes of the OBS with respect to the 3-D topography are reasonably small. Therefore, topographic effects are likely to have a minor impact in the analysis of our data sets. Nevertheless, changes in bathymetry and hence station depth are accounted for by (i) locating stations if necessary below the seafloor (as in drill hole installations) and (ii) introducing station corrections. At greater depths, in regions not sampled by active seismic models, we assumed a constant velocity of 8.2 km/s, providing a smooth transition from the fastest velocities of 8.0-8.1 km/s sampled by seismic refraction profiling (see Figure 5 for coverage of the refraction data). Station corrections were iteratively updated to accommodate for site effects. Please note that we used for the 3-D location procedure only OBS data, as raypaths traveling through the unresolved continental domain may cause large uncertainties. We used an iterative least squares inversion [e.g., Kikuchi and Kanamori, 1991] of azimuthally distributed seismic P and SH wave seismograms from stations located at epicentral distances between 30°and 90°in order to infer the rupture mechanism, depth, and source time function of the 2007 Horseshoe earthquake. Waveforms are corrected for instrument responses to obtain displacement seismograms. The inversion assumes attenuation with a t* (travel time divided by average Q) of 1 s for P waves and 4 s for SH waves. The Green functions were computed by using a layered source and receiver structures connected by geometric spreading for the AK135 Earth model [Kennett et al., 1995] . At the source region we included a water layer overlying a half space with V p = 6.0 km/s, V s = 3.55 km/s and ρ = 2.67 g/cm 3 . The source was fixed at the epicenter reported by Stich et al. [2007] . For the inversion, we used 19 P waves and 5 SH waves from good-quality waveforms. In addition, we investigated the possibility of more complex rupture behavior, introducing up to three subevents.
Focal Mechanisms From First Motion Polarities
In local marine earthquake studies, double-couple focal mechanisms are generally retrieved from P wave first motions. In order to improve solutions, we added first motion polarities from waveform data of land stations in Portugal. Unfortunately, all recorded local events were too small to be studied by regional moment tensor inversion. We therefore computed fault plane solutions by using HASH, FOCMEC, and FPFIT algorithms [Hardebeck and Shearer, 2002; Snoke et al., 1984; Reasenberg and Oppenheimer, 1985] , not allowing for any polarity error ( Figure S4 ). Here we report only the four focal mechanisms for which the different approaches provided similar solutions (Table 1 ) and for which polarities from both OBS records and permanent networks were available.
Results
Our two deployments provided for the first time detailed information on the distribution of microseismicity derived from dense offshore networks. The area was previously studied by Geissler et al. [2010] using offshore seismometers, reporting 36 earthquakes of magnitude Ml 2.2 to 4.8. However, they used a sparse station spacing of~50 km, while our deployments used a station spacing of 5 to 10 km, reducing uncertainties of focal parameters. Further, with 160 local earthquakes our study reported a much larger number of well-located microearthquakes and placed detailed constraint on a number of active tectonic features that were not included in the catalogue of Geissler et al. [2010] , including the Gorringe Bank and the Southwest Iberian Margin (SWIM) lineaments to the north of Coral Patch Ridge. Further, our study benefitted from recently published seismic refraction data [Sallarès et al., 2013; Martinez-Loriente et al., 2014] , providing detailed constraints on the seismic velocity structure of the tectonically active area to the southwest of Portugal, minimizing bias caused by inappropriate velocity models.
Distribution of Microseismicity
Using 1-D Velocity Models 5.1.1. The Horseshoe Abyssal Plain (HAP) Deployment We detected and located 82 local earthquakes with good station coverage and at close distances to the network. Most earthquakes ruptured within the Horseshoe Abyssal Plain and in the vicinity of the Horseshoe Fault. In general, the number of S onset readings on the OBS records was rather small and the waveforms were rather complex (Figure 3a) . Complex secondary arrivals might be due to internal reflections within the 5 km thick sedimentary layer. Therefore, initially we located events by using P waves only. Later, we used Journal of Geophysical Research: Solid Earth 10.1002/2016JB013586 both P and S arrivals. Overall, focal parameters were very similar, but some events under the HAP were very shallow when using P waves only for the location. After introducing S waves, the events moved to basement depths, about 5 km below the seafloor. Deeper events showed nearly identical depth distributions when using only P waves and both P and S waves ( Figure S5 ).
The largest event within the HAP deployment (GAP < 180°) had a local magnitude of 3.3 and occurred on 5 July 2012 at~40 km depth. Figure 4 shows waveforms of this event recorded by the hydrophone. The arrival times are plotted as a function of hypocentral distance, indicating apparent velocities of 8 km/s, and thus supporting the inference that the event occurred in the mantle. Note that this inference is independent from the epicenter. All located earthquakesruptured below10 kmandhence withinthe igneousbasement or deeper (Figures5 and S5) . Most earthquakes occurred within the mantle at 25 to 40 km depth, with no evidence for earthquakes below 45 km. Structurally, earthquake to the west of the Horseshoe Fault occurred within unroofed continental mantle and to the east within oceanic lithosphere ( Figure S3 ) [Sallarés et al., 2011; Martinez-Loriente et al., 2014] .
A second cluster of earthquake activity occurred at the termination of the Cabo Sao Vicente Canyon, to the SW of Cabo Sao Vicente. These events had a reasonably small azimuthal gap when considering the permanent onshore network in Portugal ( Figure S1 ).
Two other rather strong earthquakes with Ml = 3.9 and 4.1 struck the southeastern edge of the Gorringe Bank on 5 June 2012. The larger magnitude 4.1 event was the strongest earthquake recorded during network operation. Its thrust-type focal mechanism suggests shortening in the direction of NW-SE convergence (Table 1 and Figure 2 ). Earthquake epicenters correlate very weakly with fault traces mapped either by bathymetric data (like the SWIM faults; Figure S1 ) or by seismic reflection data. Thus, neither the NE-SW striking Horseshoe Fault is outlined by increased levels of seismicity nor are the WNW-ESE striking SWIM lineaments highlighted as a band of significant seismicity. However, some earthquakes that occurred outside of the network, in the vicinity of the Coral Patch Ridge (CPR), may indicate activity along the SWIM lineaments. Unfortunately, these events occurred outside of the network, and therefore, we could not robustly compute their hypocenters.
The Gorringe Bank (GB) Deployment
Seismicity rate was very low at the GB and only about 50 local earthquakes could be detected by the local OBS deployment. In particular, we detected only four new events with respect to the Portuguese seismic catalogue. The largest event had a magnitude of Ml = 3.6 and occurred while the seismic network was recovered, on 25 March 2014. Most earthquakes occurred below the Gorringe Bank. In addition, sparse events occurred beneath the HAP, near the termination of the Sao Vicente Canyon, and in the vicinity of the SWIM lineaments to the north of Coral Patch Ridge ( Figure S2 ).
Like for the HAP network, we initially located events by using P waves only. Later, we included S waves. Overall, S waves are much better developed for earthquakes recorded at the Gorringe Bank than at the HAP (Figure 3b ), and therefore, the number of available S picks is higher. Similar depth estimates were obtained both using P waves only and using both P and S waves. Events occurred at depths of 15 to 30 km, a bit shallower than those observed in the HAP (Figures 5 and S5 ). Events showed rather fast apparent velocities, similar to those in the HAP. The distribution of seismicity, both in map view and in cross section, does not show any clear relation to fault structures.
Distribution of Microseismicity Using a Quasi-3-D Model
We used the quasi-3-D model in order to locate all events detected by the two networks. In total, about 120 local earthquakes were available. Overall, the results are very similar to those obtained with a 1-D model. Thus, we confirmed that earthquakes in the HAP occurred at greater depth than at the GB, with earthquakes occurring at 18 to 36 km below Gorringe Bank and at 10 to 47 km below the Horseshoe Abyssal Plain, respectively ( Figure 5 ). In addition, a large number of earthquakes clustered to the north of Coral Patch Ridge, indicating active fault motion (Figure 2) along the SWIM lineament [Zitellini et al., 2009; Martínez-Loriente et al., 2013] .
Focal Mechanism and Centroid Depth of the 2007 Horseshoe Earthquake
The teleseismic waveform inversion suggests that the 12 February 2007 earthquake had an oblique dip-slip motion with a strike = 129°, dip = 64°, and rake = 165°, with slip occurring below 30 km and with a best fit (misfit of 0.48) centroid depth of 38 km ( Figure 6 ). Thus, the mechanism is similar to that obtained by regional Journal of Geophysical Research: Solid Earth 10.1002/2016JB013586 moment tensor inversion, which results in a strike = 128°, dip = 46°, and rake = 138°and a depth of 39 km [Custódio et al., 2012] . The dip obtained from teleseismic data in this study is slightly steeper than that reported by Custódio et al. [2012] . The best depth estimates indicate that most of the seismic moment was released at mantle depths, well below the volume sampled by seismic refraction data [Martinez-Loriente et al., 2014] . The source time function indicates a rather short rupture duration of 2 s and a moment magnitude of M w = 6.
However, waveforms recorded at stations in North and South America showed a precursor that is not fitted when inverting for a single double-couple source (Figures 6 and 7) . We increased rupture complexity by introducing a number of subevents, thus improving waveform fit (misfit of 0.38). Introducing up to three subevents yielded a sequence of events with similar rupture mechanisms, including a small thrust-type precursor just before the main shock and a third event with moderate energy. The total moment of the three subevents was M w = 6.1 (Figure 7 ).
Discussion
Distribution of Seismicity
The Gulf of Cadiz and adjacent domains to the SW of Portugal are interpreted as a diffusive plate boundary, where seismicity and deformation are distributed over an~200 km wide area [e.g., Sartori et al., 1994; Hayward et al., 1999] . However, the re-analysis of the instrumental earthquake catalogue for western Iberia showed that although this plate boundary is diffuse in that deformation is accommodated along several distributed faults rather than along one long linear plate boundary [e.g., Hayward et al., 1999; Terrinha et al., 2009; Martínez-Loriente et al., 2013] , the seismicity itself is not diffuse but rather collapses into well-defined [Zitellini et al., 2001; Custódio et al., 2015; Grevemeyer et al., 2016] . The most seismically active offshore areas are the GB, the HAP, the Sao Vicente Canyon (SVC), and the Mesozoic Algarve margin. Our OBS networks, supplemented by Portuguese land stations, confirm activity at GB, HAP, and at the southern terminus of the Sao Vicente Canyon. While the GB and SVC present indeed clustered activity, seismicity in the HAP seems to occur over an~40 km wide and~100 km long band that strikes NW-SE (Figure 2 ). In addition, some earthquakes, located with the 3-D model, to the east of the networks seem to collapse along faults that run to the north of Coral Patch Ridge (Figure 2) .
The observed seismicity pattern might be best explained by the model of Terrinha et al. [2009] , who suggest that convergence is accommodated by strain partitioning on WNW-ESE trending dextral steep faults and NE-SW trending thrust faults in the Gulf of Cadiz and Horseshoe Abyssal Plain. Approaching the base of the continental slope, including the SVC, NNE-SSW to N-S westerly dipping thrusts accommodate shortening in an area where wrenching has not been observed [Terrinha et al., 2009 ].
Hypocentral Depth
The teleseismic data indicate that the hypocentral depth of the 12 February 2007 Horseshoe Fault earthquake was 38 AE 2 km, in agreement with previous estimates of 39 km to 40 km derived from regional waveform data [Stich et al., 2007; Custódio et al., 2012] . The teleseismic waveform inversion confirms a rupture plane trending et al., 2014] and at the GB [Sallarès et al., 2013; Martinez-Loriente et al., 2014] ; hence, it may correspond to unaltered dry mantle. Besides, the majority of microearthquakes occurred well below the depth sampled by seismic reflection data. Consequently, any relationship between seismicity and mapped faults remains speculative, supporting previous observations based on land data [Custódio et al., 2015] . It might be reasonable to speculate that shallow surface faults imaged by seismic reflection data are splays of deep-seated faults.
The largest instrumentally recorded earthquake in the HAP occurred on 28 February 1969. It had a moment magnitude of M w = 7.8 and a focal depth of 21 km [Engdahl and Villaseñor, 2002 ]. Additional regional events reported in the EHB catalogue [Engdahl et al., 1998] show source depths of 5 to 47 km for the HAP [e.g., Stich et al., 2005] , supporting our estimates. In contrast, Stich et al. [2005] concluded that some earthquakes in the HAP may rupture as deep as 60 km. Their assessment was based on waveform modeling of three M w = 3.8 to 5.3 earthquakes recorded in Portugal, Spain, and Morocco. Geissler et al. [2010] reported 36 microearthquakes located with an amphibious network, including OBS. Their depth estimates are systematically deeper than our estimates, clustering at about 50 km depth. However, both Stich et al. [2007] and Geissler et al. [2010] conducted their analysis before detailed velocity models derived from modern seismic refraction data were available [Sallarès et al., 2013; Martinez-Loriente et al., 2014] and hence used a much thicker crust or continental-type velocity structure with a 16 to 20 km thick crust, which may bias focal parameters.
We emphasize that the locations presented in this article rely on a local velocity structure inferred from seismic refraction and wide-angle data collected in the study area and on a nonlinear hypocentral inversion algorithm [Lomax et al., 2000] , which provides more reliable location uncertainties than linearized inversions. Further, station corrections were calculated and used in order to minimize local site effects. However, all studies support that seismicity is deep seated, clearly occurring in the Earth's mantle rather than in the crust.
Focal Depth and Thermal Structure
Like the Horseshoe Abyssal Plain, the Iberia Abyssal Plain (IAP) has been classified as a domain of unroofed continental mantle [e.g., Minshull et al., 2014] that was formed during continental breakup. Heat flow in the IAP is on the order of 46 mW/m 2 [Louden et al., 1997 ]. Here we report unpublished heat flow data from the HAP and Tagus Abyssal Plain (Table 2) , which show a heat flow of 60 to 65 mW/m 2 , mimicking measurements obtained in the vicinity of Cabo Sao Vicente off southwestern Portugal . The reported heat flow data were obtained in 2003 by using a 3 m long violin-bow design heat probe and were analyzed by using the same procedure described by Grevemeyer et al. [2009] to study the Gulf of Cadiz.
Higher heat flow in the HAP and near the GB seems to be a regional feature ( Figure S6 ), with lower heat flow observed to the north in the IAP [Louden et al., 1997] and to the east in the Gulf of Cadiz . The distributed deformation of the domain to the east of Gibraltar [Sartori et al., 1994; Terrinha et al., 2009; Custódio et al., 2015] might be analogous to the intraplate deformation observed in the Indian Ocean [e.g., Wiens et al., 1985] . Like the HAP, the Central Indian Ocean is characterized by anomalously high heat flow. Delescluse and Chamot-Rooke [2008] suggested that the observed spatial correlation between high heat flow and active thrust faulting supports exothermic heat generated by serpentinization. Given that Journal of Geophysical Research: Solid Earth 10.1002/2016JB013586 serpentinization has been observed throughout the HAP and GB, it is plausible to admit that serpentinization does indeed cause higher heat flow in the vicinity of the Gorringe Bank.
The maximum depth of faulting and hence earthquake nucleation has been previously related to temperature. In the oceanic mantle, brittle deformation is a common feature and generally restricted to temperatures <600°C [e.g., McKenzie et al., 2005; Craig et al., 2014] . Thus, near mid-ocean ridges seismicity is confined to crustal levels [e.g., Grevemeyer et al., 2013] , whereas the brittle deformation of mature oceanic lithosphere may extend several tens of kilometres into the mantle [Lefeldt et al., 2009; Craig et al., 2014] .
In order to study the temperature structure as a function of depth, we calculated a suite of geotherms for a layered structure of (1) sediment and (2) serpentinized mantle with a thickness of 4 and 14 km, respectively, and (3) dry mantle below. The sedimentary thickness of 5 km has been assessed by using reflection seismic data from the HAP Martínez-Loriente et al., 2013] and the thickness of the serpentinized domain has been approximated by the depth to the 8 km/s velocity isocontour below the HAP [Sallarès et al., 2013] . Below, a domain of dry mantle with a constant heat flow at its base is considered. The conductive geotherm in a horizontally stratified subsurface is calculated by solving the steady state heat flow equation
in each layer with A as heat production and k as thermal conductivity. All layers are characterized by isotropic and homogeneous thermal properties and heat production. Temperature and heat flow are continuous at layer boundaries. The surface (z = 0) is kept at T 0 = 0, and at the bottom layer a basal heat flow is prescribed. In order to assign uncertainties to the thermal properties and temperature structure as a function of depth, each parameter was allowed to vary randomly within preset boundaries in each layer. For each random combination of parameters a geotherm was calculated and surface heat flow and temperature as a function of depth were averaged.
Our reference site was the Iberia Abyssal Plain. The observed surface heat flow of 46 mW/m 2 [Louden et al., 1997] was modeled by using thermal conductivities k for sediment, serpentinized mante, and mantle of 2.0, 3.0, and 3.3 W/mK and a heat production A of 0, 0.01, and 0.5 μW/m 3 , respectively [e.g., Louden et al., 1997; McKenzie et al., 2005; Jiménez-Munt et al., 2010] . In this model, the temperature at 45 km below seafloor (or at~50 km below sea level with 5 km of water) is 600°C, when considering a basal heat flow of 30 mW/m 2 (Figures 8 and S7a ). Varying the basal heat flow from 35 to 25 mW/m 2 suggests uncertainties for the temperature at 45 km below seafloor of AE48.8°C.
To obtain an increased surface heat flow, as sampled in the HAP, it is unlikely that the basal heat flow is increased, too, as it would affect adjacent areas, like the Gulf of Cadiz, which is characterized by low heat flow of <50 mW/m 2 . We therefore consider either (i) exothermic heat generated by Journal of Geophysical Research: Solid Earth 10.1002/2016JB013586 deformation and serpentinization or (ii) increased radiogenic heat production in sediments deposited in the HAP as potential sources.
The first scenario is based on the serpentinization model of Delescluse and Chamot-Rooke [2008] for the Central Indian Ocean (Figures 8 and S7b) . In order to simulate exothermic heat generation caused by hydration of dry mantle to serpentine, we introduce an artificial additional heat production of 1.5 μW/m 3 in the second layer (the full set of parameters is given in Figure S7 ). As a result, we were able to generate the observed surface heat flow of 61 mW/m 2 , indicating an increase in mantle temperature reaching 655 AE 49°C at 45 km below seafloor or about 600°C at 40 km below seafloor.
In the second case (Figures 8 and S7c) , keeping the original reference model, but increasing the radiogenic heat production in the sedimentary layer to 4 μW/m 3 , we were able to produce the observed surface heat flow. The temperature at a depth of 45 km below seafloor is 616 AE 48.8°C and hence has increased with respect to the reference model only by a few degrees. However, the second scenario is less likely, because if eroded from the Iberian continent, it would be reasonable to assume that the same type of sediment fills all basins adjacent to Iberia, including the IAP, where heat flow is much lower. Further, radiogenic heat production in Iberia is highest for granites, ranging from 2.5 to 3.7 μW/ m 3 , while metasediments and basic rocks have a lower heat production, ranging from 1 to 2.5 μW/m 3 [Fernàndez et al., 1998 ]. Consequently, deposits of weathered rocks containing a suite of different rock types will have a heat production that will be well below 4 μW/m 3 . We therefore conclude that the exothermic serpentinization model provides the best fit to the observed features, suggesting that rupture is limited to the upper 40 km of the lithosphere and hence down to <45 km below sea level. This assessment correlates well with the observed depth distribution of microearthquakes and centroid of the 2007 M w = 6.0 earthquake. However, all models, including the reference model of much lower surface heat flow, suggest that seismogenic behavior will inherently be related to the upper 45 AE 5 km of the lithosphere. Therefore, previous depth estimates of seismogenic rupture down 60 km [Stich et al., 2007; Geissler et al., 2010] are not supported by the thermal state of the lithosphere derived from our model.
Hazard Potential
Seismic moment is defined by M 0 = μ A D, where μ is the shear moduli of the rocks involved in the earthquake, A is the size of the rupture plane, and D is the average displacement [e.g., Kanamori, 1977] .
Rupturing at mantle depth may support rather large shear moduli of 50 [Ammon et al., 2008] to 70 MPa [Stich et al., 2007] . Great earthquakes of magnitude M w = 8.2 to 8.7 rupturing the oceanic lithosphere may cause >15 m [Lay et al., 2009] and probably up to 35 m [Yue et al., 2012] of slip. A steeply dipping fault of 64°, as indicated by the 2007 Horseshoe earthquake, would support a down-dip width of~45 to 50 km. A shallower dip of the fault [Fukao, 1973; Custódio et al., 2012] would support a rupture plane with a downdip width of up to 60 km. Thus, considering a 60 km by 200 km wide fault, an average slip of 20 m and a shear moduli of 50 GPa [Ammon et al., 2008] could cause a seismic moment of 1.2 · 10 22 Nm and hence a M w = 8.7 earthquake. Consequently, a fault with approximately the length of the Gorringe Bank could cause a 1755 Lisbon-type earthquake and associated tsunami. Shorter faults, like the~120 km long Horseshoe Fault [Zitellini et al., 2009] , may not provide enough moment to cause a great earthquake. However, the great Lisbon earthquake may have been a compound event, triggering adjacent faults [e.g., Vilanova et al., 2003] . A similar behavior was observed during the 2012 M w = 8.7 Indian Ocean intraplate earthquake [Yue et al., 2012] , suggesting that earthquakes in cold mantle lithosphere have indeed the potential to pose significant hazards.
Tectonic Implications
The formation of the Gorringe Bank has been related to Miocene tectonics [e.g., Tortella et al., 1997; Zitellini et al., 2004] , including uplift and overthrusting of the HAP and GB onto the Tagus Abyssal Plain. It has now been recognized that shortening of 20 to 50 km [Galindo-Zaldívar et al., 2003; Jiménez-Munt et al., 2010; Hayward et al., 1999] occurred in a domain of unroofed mantle as inferred by seismic data [Pinheiro et al., 1992; Rovere et al., 2004; Martinez-Loriente et al., 2014] . In contrast, scenarios of shortening generally consider a domain composed of oceanic crust and faulting at a depth of 5 to 15 km below seafloor [e.g., Jiménez-Munt et al., 2010; Duarte et al., 2013] . However, basal faults have never been seismically imaged but were envisioned based on conceptual models. It might be important to emphasize that these scenarios envision faulting at a much shallower depth levels than revealed by our study. Furthermore, the great depth of Journal of Geophysical Research: Solid Earth 10.1002/2016JB013586 faulting of >20 km under the GB may not support the development of a shallow dipping subduction megathrust [e.g., Duarte et al., 2013] . Rather, we favor the interpretation that a block of cold~120 Ma old continental mantle is sandwiched between two domains of mature oceanic lithosphere, namely, Eurasia in the northwest and Africa in the southwest, and deformed during convergence.
Conclusions
Two networks of ocean bottom seismometers were deployed to monitor microseismicity in the Horseshoe Abyssal Plain and at the Gorringe Bank. Both regions may encompass the fault that generated the Great Lisbon earthquake of 1755. Our results suggest the following:
1. Most earthquakes were located at >20 km depth in the upper mantle of domains previously interpreted as unroofed continental mantle and oceanic mantle. 2. Maximum depth of faulting, inferred both using 1-D and 3-D velocity models, is~45 km. 3. Thermal modeling suggest that temperatures of 600°C are reached at approximately 45 km depth and hence explains the lack of microearthquakes below 45 km, suggesting that previous estimates of source depths extending down to 60 km depth [Stich et al., 2007; Geissler et al., 2010] might be too deep. 4. Microearthquakes generally occur at depths greater than geologically and reflection seismically mapped faults. Thus, fault systems imaged in the bathymetry and seismic reflection data may splay out from deepseated faults. 5. Focal depth seems to increase from 20-35 km (mean of 26.1 AE 7.2 km) at the Gorringe Bank to 15-45 km (mean 31.5 km AE 10.5 km) under the Horseshoe Abyssal Plain. 6. The focal parameters of microearthquakes, waveform inversion of the 2007 M w = 6.0 Horseshoe earthquake, and thermal models suggest that an approximately 200 km long fault in the vicinity of the Horseshoe Abyssal Plain could support a M w = 8.7 1755 Lisbon-type earthquake in cold lithospheric mantle. 7. We suggest that the distributed deformation and seismicity of the Horseshoe Abyssal Plain and Gorringe Bank are related to the African-Eurasian convergence and deformation of a domain of unroofed Cretaceous continental mantle sandwiched between two domains of >120 Ma old oceanic lithosphere. We do not find in the microseismicity data evidence for a developing subduction zone.
